Background: Cancer cells proliferate rapidly and are resistant to cell death, relying on aggravated glycolysis to satisfy their increased demand for energy and biosynthetic precursors. However, this process may create unfavorable microenvironments, such as increased acidity, leading to cytotoxicity. Our previous study demonstrated that arecoline induces anoikis of HA22T/VGH hepatoma cells. The present study aimed to examine if arecoline induced anoikis is related to the glycolytic pathway and explore the underlying mechanisms. Methods: HA22T/VGH cells were treated with arecoline and changes in the glycolytic end products lactate and ATP, glycolytic-related gene expression, intracellular and extracellular pH, pH-regulating gene expression, reactive oxygen species (ROS) levels, intracellular Ca 2+ concentration ([Ca 2+ ]i) and mitochondrial membrane potential were examined, relative to untreated cells. Cell viability and morphology were also assessed. Results: Arecoline increased lactate and ATP production through induction of glycolytic genes, including glucose transporter 3 (Glut3), hexokinase 1 (HK1), hexokinase 2 (HK2), and pyruvate kinase (PK). The intracellular pH was not changed, despite increased lactate levels, implying that intracellular H + was exported out of the cells. mRNA expression of pH regulators including monocarboxylate transporter 1 and 4 (MCT 1 and 4), sodium bicarbonate cotransporter 1 (NBC1), carbonic anhydrases (CA) IX and XII and vacuolar ATPase (V-ATPase) were down-regulated. Na + /H + exchanger 1 (NHE1) mRNA levels remained unchanged while Na + /Ca 2+ exchanger (NCX) was up-regulated and eventually [Ca 2+ ]i was increased. ROS generation was increased and mitochondrial membrane potential was decreased followed by cell detachment and death. Addition of 2-deoxy-d-glucose, a glucose competitor that interferes with glycolysis, attenuated arecoline induction of lactate [Ca 2+ ]i, ROS and cell detachment. Similarly, ROS scavengers could block the effects of arecoline. Conclusions: This study demonstrated that arecoline induced glycolysis and modulated the mRNA expression of pH-regulator genes in HA22T/VGH cells. This phenomenon led to the elevation of [Ca 2+ ]i, ROS generation, and subsequent cell detachment.
Introduction
Arecoline, the active component of the betel nut, comprises up to 0.12-0.24 % by weight of the ripe nut [1] . Arecoline has cholinergic, sialogogic, diaphoretic, and parasympathomimetic effects [2] and has been recognized as a possible cognition enhancer in Alzheimer's dementia [3, 4] . Our previous study showed that arecoline inhibited IL-6 production, induced apoptosis, and arrested cell cycle progress in basal carcinoma cells [5] . We also demonstrated that arecoline induced anoikis by inhibiting STAT3 and activating RhoA/Rock in HA22T/VGH hepatoma cells but it didn't effect on normal hepatocytes [6] . These results suggest that arecoline is a potential therapeutic agent for cancer.
Exacerbated glycolysis to meet the increased demand for energy and biosynthetic precursors of the most aggressive and invasive cancers is reported [7] . Consequently, these cancer cells need vigorous pH-regulating systems to handle the high levels of lactic and carbonic acid, which are byproducts of glycolysis. Tumor cells produce excess H + due to their higher metabolic rate relative to normal cells [8, 9] . These alterations in the intracellular pH (pHi) affect the structures and activities of most enzymes, which drastically influence cell signaling and metabolic function [7] , resulting in considerable cellular stress. According to the principle of Darwinian selection, growing tumors may create adverse microenvironments to facilitate cancer cell survival and compete with normal cells. This process favors highly selective microenvironments and genetic instability, which allow tumor cells to continuously adapt and expand [10] . Interrupting this process can potentially induce cancer cell-specific apoptosis.
Because intracellular acidification may lead to cell death, it is important to maintain intracellular homeostasis.
Homeostasis is achieved by pHi-regulating proteins that facilitate H + export. The monocarboxylate transporter (MCT) is a passive lactate-proton symporter [11] . MCT1-4 are located in the cell membrane. In tumor and stromal cells, MCT1 and the hypoxia-induced MCT4 are reported to be co-transporters of lactate and H + [11] . Carbonic anhydrases IX (CAIX) and CAXII participate in the reversible hydration of CO2, a cell-permeable acidic metabolic product. CO2 is exported and then undergoes CAIX-or CAXII-facilitated hydration to carbonic acid followed by dissociation into to bicarbonate and a proton [12] . The bicarbonate is imported by the sodium bicarbonate cotransporter (NBC) and further reacts with a proton intracellularly [13] . In several tumor cell types, vacuolar ATPase (V-ATPase) is expressed at the plasma membrane, acting as an ATP dependent pump [13] . In cancer cells, Na + /H + exchanger 1 (NHE1) serves as a passive proton-sodium antiporter that exports free intracellular H + when the intracellular proteins have exhausted their buffering capacities [14, 15] . In contrast, NHE1 is almost inactive in normal cells which have neutral pH. However, a proton-dependent NHE1 is activated when the pHi becomes acidic [16] . The plasma membrane Na + /Ca 2+ exchanger (NCX) senses the Na + electrochemical gradient and can exchange Ca 2+ for Na + through Ca 2+ -influx or Ca 2+ -efflux, depending on the intracellular Na + concentration and the membrane potential [17] . An active Na + /Ca 2+ exchange system is present in the hepatocyte plasma membrane [18] , and an estimated 60 % of the Ca 2+ entering the hepatocyte passes through this exchanger [19] . It has also been demonstrated that NCX significantly contributes to the Ca 2+ increase seen in hepatocytes exposed to hypoxia, Na + load, or oxidative stress [20] [21] [22] .
Accordingly, it is rational to propose that interfering with H + dynamics [both the pHi and the extracellular pH (pHe)] coupled with metabolic disruption may provide a new strategy for anticancer therapy. In the present study, we examined whether arecoline affects glycolysis and H + dynamics in HA22T/VGH hepatoma cells. We also explored which kinds of pH-regulating proteins are involved in this process and whether glycolysis is related to the induction of anoikis. Herein, only HA22T/VGH hepatoma cells were used without normal hepatocyte as control since our previous study has demonstrated arecoline did not effects on normal hepatocyte [6] .
Materials and Methods

Reagents
Arecoline hydrobromide (methyl 1-methyl-1, 2, 5, 6-tetrahydronicotinate hydrobromide) was obtained from Sigma-Aldrich (St. Louis, MO, USA); its purity was greater than 99.0 %. Rotenone, antimycin A, 2′,7′-dichlorofluorescin diacetate (H2DCF-DA), and BCECF AM ester were also from Sigma-Aldrich (St. Louis, MO, USA). Reduced L-glutathione was from Boehringer Mannheim GmbH (Mannheim, West Germany). Protein assay reagents were from Bio-Rad Laboratories (Hercules, CA, USA). Fluo-4 AM ester were from Molecular Probes (Eugene, OR, USA). TRIzol reagent was from Invitrogen Life Technologies (Carlsbad, CA, USA). All other chemicals, including calcium carbonate, 2-deoxy-d-glucose, and N-acetyl-L-cysteine, were of analytical grade and purchased from Sigma-Aldrich (St. Louis, MO, USA).
Cell line, cell culture, and arecoline treatment HA22T/VGH (BCRC Number: 60168), a poorly differentiated human hepatoma cell line, was obtained from the Bioresource Collection and Research Center (BCRC) in the Food Industry Research and Development Institute, Hsinchu, Taiwan. These cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL, Grand Island, NY, USA) containing 10 % fetal bovine serum (HyClone, Auckland, NZ), 2 mM L-glutamine, 0.1 mM non-essential amino acids, 100 units/ml of penicillin, and 100 μg/ml of streptomycin (all from Gibco BRL, Grand Island, NY, USA) at 37°C in a humidified chamber with 5 % CO2. Our previous study [6] showed that 100 μg/ml arecoline could induce anoikis in HA22T/VGH cells. 100 μg/ml arecoline was added to the culture medium for either 12 hours (h) for mRNA studies or 24 h for others and then the cells were harvested and analyzed. Cell morphological changes were observed under an inverted phase-contrast microscope (Olympus, Tokyo, Japan) and photographs were taken at 200× magnification.
Cell viability assay
After treatment, viable cells were counted using a dye exclusion technique. The cell suspension was centrifuged at 5000× g, the supernatant was discarded and the cell pellet resuspended in serum-free medium. One volume of 0.4 % Trypan blue (Gibco BRL, Grand Island, NY, USA) was added to one volume of cell suspension. After incubation at room temperature for 3 min, cells were counted in a hemocytometer. All counts were performed in triplicate.
ATP and lactate measurement
HA22T/VGH cells (2 × 10 5 ) were seeded in six-well plates (Corning, Inc.) incubated with 100 μg/ml arecoline for 24 h, scraped off and centrifuged. The cell pellet was resuspended in phosphate-buffered saline and sonicated. ATP levels were measured using a commercial bioluminescence kit (ENLITEN® ATP assay, Promega, Madison, WI, USA) and a luminometer (Hidex PLATE CHAMELEON, Turku, Finland). Lactate levels were measured using a colorimetric/fluorometric assay kit (BioVision Incorporated, Milpitas, CA, USA) and a microplate reader (BioTek® PowerWave XS2).
Quantitative real-time PCR analysis
Total RNA was isolated using TRIzol reagent according to the manufacturer's instructions. Real-time PCR was performed on a MiniOpticon™ real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) using iQ™ SYBR® Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) according to our published procedure [23] . The primers and the amplified gene products are shown in Table 1 . Data were collected and analyzed using MJ Opticon Monitor Analysis software version 3.1 (Bio-Rad Laboratories, Hercules, CA, USA). Each reaction mixture was amplified in triplicate and the results calculated using the ΔΔCt method [24] . The cycle threshold (Ct) value for the test gene was normalized using the mean Ct value for the GAPDH gene. Relative gene expression was expressed as the fold change (2 −ΔΔCt ) relative to expression in the untreated control. 
ROS and ΔΨm measurement
The method of ROS detection was described in our previous study [25] . 2',7'-Dichlorodihydrofluorescein diacetate (H2DCF-DA) (Molecular Probes, Eugene, OR, USA) was used to measure intercellular ROS production. The ΔΨm is defined as a change in the electrochemical gradient. The mitochondrial ΔΨm was measured using a fluorescent cationic dye, tetraethylbenzimidazolylcarbocyanine iodide (JC-1) (Molecular Probes). JC-1 dye exhibits potential-dependent accumulation in mitochondria and is detected by a fluorescence emission shift from green (~529 nm) to red (~590 nm). The mitochondrial depolarization is indicated by a decrease in the red/green fluorescence intensity ratio. HA22T/VGH cells were seeded in six-well plates (Corning, Inc., Corning, NY, USA) and incubated overnight, then underwent treatment for 24 h before being incubated with 2 μM JC-1 dye for 15 min at 37°C. The cells were subsequently trypsinized and resuspended for analysis by FACScan flow cytometry (Beckman Coulter-Epics XL) [26] . Data were analyzed using WinMDI 2.8 software (Scripps Research Institute, La Jolla, CA, USA), and a minimum of 1×10 4 cells per sample were evaluated.
Measurement of the intracellular pH (pHi) and intracellular calcium levels ([Ca 2+ ]i)
HA22T/VGH cells were treated with or without 100 μg/ml arecoline for 24 h, trypsinized and centrifuged. Next, the cell pellet was resuspended in culture medium and labeled with fluorescence dye for 30 minutes. Intracellular calcium level was measured using 10 µM fluo-4 AM ester at room temperature, and the fluorescence was detected using a Coulter Epics XL cytometer with an excitation wavelength of 488 nm and an emission wavelength of 520 nm. The intracellular pH (pHi) was measured with 10 µM BCECF AM ester at 37℃, and the fluorescence was detected using a Coulter Epics XL cytometer with an excitation wavelength of 488 nm and an emission wavelength of 525/620 nm. The data were analyzed using WinMDI 2.8 software (Scripps Research Institute, La Jolla, CA, USA), and a minimum of 1×10 4 cells per sample were evaluated.
Statistical analysis
All data are presented as the mean ± SD (standard deviation). The differences between the treated and control group were analyzed using either Student's t test or ANOVA followed by Fisher's exact test. Statistical analyses were performed using SAS version 6.011 (SAS Institute Inc, Cary, NC). A p-value <0.05 was considered to be statistically significant.
Results
Arecoline increases glycolysis
To examine whether arecoline affected glycolysis in HA22T/VGH cells, the glycolytic end products, lactate and ATP, were measured after treatment with 100 µg/ml arecoline for 24 h. Both lactate and ATP levels increased significantly (Fig. 1) , which indicated that arecoline augmented glycolysis in HA22T/VGH cells. We further assessed the mRNAs expression of glycolytic pathway components, including glucose transporter 1 and 3 (Glut1 and Glut3), hexokinase 1 and 2 (HK1 and HK2), phosphofructokinase 1 (PFK1), pyruvate kinase (PK), and lactate dehydrogenase A and B (LDHA and LDHB). Arecoline significantly enhanced the mRNA expression of Glut3, HK1, HK2, and PK, while it had no impact on Glut1, PFK1, LDHA, or LDHB (Fig. 2) . Glut facilitates the glucose transport across the plasma membranes in mammalian cells. Both hexokinase and pyruvate kinase are rate-limiting enzymes of glycolytic pathway. These results indicated that arecoline augmented glycolysis in HA22T/VGH cells by modulating expression of glycolysis-related genes. HA22T/VGH cells were treated with or without 100 µg/ml of arecoline for 24 h, then the expression levels of (A) lactate and (B) ATP were measured. The data are the mean ± S.D. for three independent experiments. * : p<0.05 compared to the untreated control group. C: control; A: arecoline-treated.
Arecoline decreases the pHe, but not the pHi
To test whether arecoline-induced lactate production would alter the homeostasis of HA22T/VGH cells, the intracellular and extracellular pH values were measured. After treatment with 100 µg/ml arecoline for 24 h, the extracellular pH was significantly decreased but the intracellular pH remained unchanged (Fig. 3) . This suggested that the intracellular H + derived from the increased lactate was being exported.
Effects of arecoline on the expression of genes coding for pH-regulating proteins
We speculated that the cellular pH-regulating systems might be altered to maintain an appropriate intracellular pH. Therefore, we examined the mRNA expression of pH-regulating genes. As shown in Fig.  4 , MCT1, MCT4, NBCN1, CAIX, CAXII, and V-ATPase expression was significantly reduced, while NHE1 remained unaffected, after arecoline treatment. Down-regulation of pH-regulating genes was unexpected in a context where intracellular pH was unaltered. Since mRNA expression of NHE1 was the only unchanged pH-regulating gene that we tested, we speculated that NHE1 has a greater influence on H + export than the others. Moreover, we proposed there might be other factors that coordinate with NHE1 in maintaining ion and pH balance between intracellular and extracellular environments.
Arecoline increases NCX mRNA expression and the [Ca 2+ ]i
Under normal conditions, the NHE on the plasma membrane equilibrates internal and external Na + and H + levels and the NCX maintains a constant cytosolic Ca 2+ concentration. During stress conditions, such as ischemia or lactic acidosis, NHE exports H + and imports Na + . This leads to cytosolic Na + overload, and the NCX is forced to export excess Na + , which accompanied by import of Ca 2+ , and eventually results in elevation of cytosolic Ca 2+ concentration [27] . To determine whether the NCX coordinates with NHE1 in maintaining the intracellular pH value of the arecoline-treated HA22T/VGH cells, we analyzed NCX mRNA expression and intracellular Ca 2+ levels. This finding revealed that NCX mRNA expression (Fig. 4H ) was significantly increased as was the intracellular Ca 2+ (Fig. 5A) , suggesting that the intracellular pH was maintained by both NHE1 and NCX and accompanied by increased intracellular Ca 2+ levels.
Arecoline stimulates ROS generation and interferes with mitochondrial function
To determine whether arecoline affected mitochondrial function either directly or indirectly, mitochondrial membrane potential (∆Ψm) and ROS production of arecoline-treated HA22T/VGH cells were measured. ROS was markedly elevated (Fig. 5B) , while ∆Ψm was decreased (Fig. 5C ). Since disturbance of mitochondrial electron transfer chain leads to electron leakage and ROS generation [28, 29] , we suspected that arecoline-induced ROS production originated from the mitochondrial electron transfer chain. To test this, the mitochondria complex I (rotenone, 0.3 µM) and complex III (antimycin A, 0.3 µg/ml) inhibitors were added to HA22T/VGH cells after treatment with arecoline. Both rotenone and antimycin A significantly increased ROS levels in the cells without arecoline treatment, but these inhibitors did not further enhance ROS generation in the arecoline-treated cells (Fig. 5D ). This suggested that arecoline interferes with the mitochondrial electron transfer chain, resulting in ROS generation.
The glucose competitor 2-deoxy-d-glucose reduces the effects of arecoline
We previously demonstrated that arecoline induced anoikis in HA22T/VGH hepatoma cells [6] . We hypothesized that glycolysis triggered arecoline-induced anoikis. To test this hypothesis, 10 mM 2-deoxy-d-glucose (DG) was used to inhibit the glycolytic pathway in the HA22T/VGH cells treated with arecoline. DG is a glucose analog that inhibits glycolysis through its actions on hexokinase. Arecoline-induced lactate and ROS overproduction were significantly reduced and normal extracellular pH levels were restored in the presence of DG (Fig.  6A, 6B and 6C ). DG also reduced intracellular Ca 2+ concentration in the HA22T/VGH cells treated with arecoline (Fig. 6D) . Cell morphology showed that arecoline-induced cell detachment was inhibited by DG (Fig. 6E) . These results demonstrated that arecoline contributed to cell detachment and subsequent anoikis by trigging the glycolytic pathway. Figure 3 . Arecoline decreases the pHe, but not the pHi. HA22T/VGH cells were treated with or without 100 µg/ml of arecoline for 24 h, then (A) the intracellular pH was measured by flow cytometry and (B) the pH of the culture medium was measured using a pH meter. The data are the mean ± S.D. for three independent experiments. * : p<0.05 compared to the untreated control group. C: control; A: arecoline-treated.
The ROS scavenger reduces arecoline-induced cell death
Next, we sought to determine whether ROS was directly involved in arecoline-induced cell detachment and anoikis. Addition of the ROS scavengers, 10 mM glutathione (GSH) or 10 mM N-acetylcysteine (NAC), in the arecoline-treated HA22T/VGH cells significantly inhibited ROS generation and reduced the elevation of intracellular calcium ( Fig. 7A and 7B ). Both GSH and NAC prevented HA22T/VGH cells from arecoline-induced detachment and death (Fig. 7 C and 7D) . These results demonstrated that ROS played an important role in the elevation of intracellular calcium concentration and arecoline-induced cell detachment.
Discussion
A summary of this study is illustrated in Fig. 8 . This study showed that arecoline enhanced glycolysis by inducing mRNA expression of the Glut3 and glycolytic genes, including HK1, HK2, and PK, and induced ROS generation in HA22T/VGH cells. Unexpectedly, the intracellular pH was not changed even though lactate, a glycolytic end product, was increased and the pH of the extracellular medium was declined; this implied that intracellular H + was exported out of the cell. We found that mRNA expression of most pH regulators (MCT1, MCT4, NBCN1, CAIX, CAXII, and V-ATPase) were reduced, while NHE1 levels were unchanged. We therefore hypothesized that NHE1 plays an important role in maintaining intracellular H + levels. This finding raised the question of whether NHE1-mediated H + export could lead to intracellular Na + overload. To answer this question, we measured NCX mRNA levels and found that they were markedly increased. This finding suggested that excess Na + could be exported while extracellular Ca 2+ was imported, Figure 4 . Effects of arecoline on levels of mRNAs coding for pH-regulating proteins. HA22T/VGH cells were treated with or without 100 µg/ml of arecoline for 12 h, then the expression of mRNAs coding for pH-regulating proteins were quantified by quantitative real-time PCR analysis. C: control; A: arecoline-treated; MCT1 and MCT4: monocarboxylate transporter 1 and 4; NBCN1: sodium bicarbonate cotransporter 1; CAIX and CAXII: carbonic anhydrase IX and XII; V-ATPase: vacuolar ATPase; NHE1: Na + /H + exchanger 1; NCX: Na + /Ca 2+ exchanger. The results are shown as the fold change compared to the untreated control and are the mean ± S.D. for three independent experiments. * : p<0.05 compared to the untreated control group.
resulting in an increase in the [Ca 2+ ]i concentrations and ROS and a decrease in ∆Ψm. Furthermore, we demonstrated that the arecoline-induced effects were reversed by DG, a glucose competitor that acts as inhibitor of glycolysis. These data suggested that the effects of arecoline are dependent on the induction of glycolysis. Addition of ROS scavengers to HA22T/VGH cells almost completely eliminated the arecoline-induced ROS generation, significantly inhibited the arecoline-induced elevation of intracellular calcium concentration, and prevented HA22T/VGH cells from cell detachment, suggesting that ROS plays important role in the process of arecoline-induced cell death. Cancer cells proliferate rapidly, creating a demand for increased glycolysis. This produces more lactate and H + and may create an unfavorable microenvironment, leading to cancer cell-specific apoptosis. Tumor cells may produce excess H + compared to normal cells leading to growth arrest or apoptosis if pH-regulating capabilities are compromised [7] . Targeting pH-regulating proteins, such as the NHE, CAs, MCTs, and H + pumps may impair tumor progression [7] . Thus, agents able to disturb intracellular pH regulation or cellular metabolism have the potential to be developed as targeted cancer therapies. In the present study, we showed that arecoline enhanced glycolysis and decreased the expression of mRNAs for pH-regulating proteins, suggesting it may be developed as an anti-cancer therapeutic agent. Ca 2+ can enhance ROS production by stimulating the tricarboxylic acid cycle and oxidative phosphorylation, which makes mitochondria function faster and consume more oxygen [30] . Indeed, mitochondrial ROS generation correlates with metabolic rate [30] , suggesting that a faster metabolism can cause more electron leakage in the respiratory chain, leading to increased ROS levels. The present study showed that arecoline decreased the mitochondrial membrane potential and increased ROS production. Ca 2+ has long been known to play an important role in regulation of necrosis, apoptosis, anoikis and autophagic cell death [31] . It has been shown that ROS can activate RhoA to induce stress fiber formation [32, 33] , as well as control apoptosis through stimulation of the intrinsic mitochondrial apoptotic pathway [34] . Our previous study demonstrated that arecoline induced anoikis of HA22T/VGH cells by increasing RhoA/Rock activation [6] . This study showed that ROS scavengers attenuated the arecoline-induced ROS generation and cell detachment of HA22T/VGH. Taken together, these data demonstrated that the arecoline-induced increase of ROS contributes to its effects on HA22T/VGH cells.
Conclusions
In this study, we demonstrated that arecoline enhanced aerobic glycolysis in HA22T/VGH cells and modulated the mRNA expression of pH regulators, resulting in elevated [Ca 2+ ]i, ROS generation and subsequent cell detachment. Therefore, arecoline-induced cell detachment and anoikis is dependent on glycolysis.
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